We recently reported that human immunodeficiency virus type 1 (HIV-1) carrying PTAP and LYPX n L L domains ceased budding when the nucleocapsid (NC) domain was mutated, suggesting a role for NC in HIV-1 release. Here we investigated whether NC involvement in virus release is a property specific to HIV-1 or a general requirement of retroviruses. Specifically, we examined a possible role for NC in the budding of retroviruses relying on divergent L domains and structurally homologous NC domains that harbor diverse protein sequences. We found that NC is critical for the release of viruses utilizing the PTAP motif whether it functions within its native Gag in simian immunodeficiency virus cpzGAB2 (SIVcpzGAB2) or SIVsmmE543 or when it is transplanted into the heterologous Gag protein of equine infectious anemia virus (EIAV). In both cases, virus release was severely diminished even though NC mutant Gag proteins retained the ability to assemble spherical particles. Moreover, budding-defective NC mutants, which displayed particles tethered to the plasma membrane, were triggered to release virus when access to the cell endocytic sorting complex required for transport pathway was restored (i.e., in trans expression of Nedd4.2s). We also examined the role of NC in the budding of EIAV, a retrovirus relying exclusively on the (L)YPX n L-type L domain. We found that EIAV late budding defects were rescued by overexpression of the isolated Alix Bro1 domain (Bro1). Bro1-mediated rescue of EIAV release required the wild-type NC. EIAV NC mutants lost interactions with Bro1 and failed to produce viruses despite retaining the ability to self-assemble. Together, our studies establish a role for NC in the budding of retroviruses harboring divergent L domains and evolutionarily diverse NC sequences, suggesting the utilization of a common conserved mechanism and/or cellular factor rather than a specific motif.
I
n human immunodeficiency virus type 1 (HIV-1) and most retroviruses, the Gag precursor polyprotein is the major structural component that orchestrates the assembly and release of virus particles from the plasma membrane. It carries three main domains, namely, matrix (MA), capsid (CA), and nucleocapsid (NC). The MA domain directs the interaction of Gag with the plasma membrane (11, 34, 59, 79) , whereas the CA domain carries regions responsible for Gag-Gag multimerization during assembly (28, 31, 35, 37, 46, 64) . The NC domain (also called NC here) interacts with the viral genomic RNA, as well as cellular RNAs that can serve as a scaffold for Gag-Gag assembly (1, 8, 12-14, 23, 37, 46) . In addition to the three main domains, Gag proteins carry short peptides, called late (L) domains, involved in virus budding and separation from infected cells (10, 15, 21, 33, 39, 42, 57) .
A total of three different core sequences have been identified as essential elements for L-domain function: P(T/S)AP, PPXY, and LYPX n L (32, 49, 52, 68, 73, 74) . They serve as docking sites for cellular proteins that associate or function in the endocytic sorting complex required for transport (ESCRT) pathway (51, 68, 74) . The C-terminal p6 domain of HIV-1 Gag carries two L domains, PTAP and LYPX n L, that recruit Tsg101 and Alix, respectively, and both cellular factors are involved in virus budding (22, 32, 39, 52, 68, 73) . Tsg101 functions in HIV-1 budding as part of "early"-acting ESCRT-I, a cellular complex believed to recruit downstream members of the "late"-acting ESCRT-III pathway named the charged multivesicular body proteins (CHMPs) (4, 32, 51, 56, 68, 74) . CHMP isoforms catalyze membrane modeling events that promote virus separation from the cell. Alix binds the ESCRT-III member CHMP4B through its Bro1 domain, thus serving as a direct cellular bridge between the viral LYPX n L motif and the ESCRT pathway (30, 41, 43, 53, 68, 72) . Both Tsg101-and Alixmediated budding pathways require the activity of the AAA ATPase VPS4 (5, 6, 51, 70, 74) .
In addition to HIV-1, other retroviruses utilize Tsg101-and/or Alix-binding L domains for virus release. These include simian immunodeficiency virus (SIV), equine infectious anemia virus (EIAV), and Rous sarcoma virus (24, 65, 68, 77, 78) . For example, SIVcpzGAB2 harbors a PTAP motif in the p6 domain located adjacent to a canonical LYPX n L motif (9, 78) whereas HIV-2 and SIVsmm/mac display a different distribution of L domains. They recruit Alix through p6-located L domains that were recently designated type 3 (7, 68, 78) and contribute to virus budding events. EIAV harbors only one L domain, YPDL (within the NC-adjacent p9 domain of Gag), that binds Alix directly and mediates the recruitment of ESCRT-III members necessary for virus release (65, 68, 77) .
While it has been established that L domains play a key role in retroviral budding and separation from the host cell membrane, recent studies have suggested the involvement of the NC domain in these steps. Indeed, in the presence of an intact p6 domain, mutation or deletion of the NC domain interferes with PTAPmediated virus budding in model cells and the physiologically relevant T cells while preserving the ability to assemble particle (27, 37, 60, 75) . These observations indicated a specific interplay between NC and L domains due to their adjacent positions and suggested a mutual functional interdependence in the process of virus budding and release. Moreover, we and others have shown that NC interacts with the Bro1 domain of Alix (26, 62) , which mediates the recruitment of the cellular fission machinery components CHMP4 and VPS4 (26) . Interestingly, this interaction is critical for the HIV-1 LYPX n L-driven budding pathway (26, 62, 66, 67) , emphasizing the role of NC in Alix-mediated HIV-1 budding. Several roles have been attributed to NC in the HIV-1 life cycle; they include reverse transcription, integration, trafficking, virus assembly, viral genome encapsidation, and cell-to-cell virus transmission (19, 38, 44, 47, 54, 58, 71) . We recently obtained evidence supporting a role for NC in virus budding. However, it is not known whether NC involvement in budding is specific to HIV-1 or a general requirement of other retroviruses utilizing divergent L domains and evolutionarily diverse NC regions. In this study, we investigated the function of NC in lentiviruses whose release is stimulated by Tsg101-and/or Alix-binding motifs PTAP and (L)YPX n L in various contexts. We examined the role of NC in the release of SIVcpzGAB2 and SIVsmmE543, two lentiviruses that contain PTAP and (L)YPX n L motifs (in contexts similar to that found in HIV-1) and NC domains that are homologous but not identical to HIV-1 NC. A role for NC in virus budding mediated exclusively through the PTAP motif was also assessed using a chimeric EIAV whose YPDL L domain motif was functionally replaced with the HIV-1 PTAP motif positioned next to the heterologous EIAV NC, which shares only little sequence homology with HIV-1 NC. We previously reported that a WT NC is also required for HIV-1 release mediated via the Alix-binding LYPX n L motif. These studies were conducted using Alix overexpression in virus rescue assays. To examine the role of NC in Alix-binding L domain-mediated virus release in a natural setting, we used EIAV, which relies solely on a (L)YPX n L motif and cellular Alix for virus production. We found that a functional WT NC domain is required for (L)YPX n L-mediated virus release. Together, the data invoke the importance of a common conserved feature of NC (i.e., its three-dimensional structure) for the release of viruses utilizing divergent L domain motifs and containing evolutionarily diverse NC protein sequences.
MATERIALS AND METHODS
Cells and transfection. 293T cells were maintained in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum and 1% L-glutamine. Transfection was carried out using Lipofectamine 2000 (Invitrogen) and following the manufacturer's protocol.
Proviral and protein expression constructs. The wild-type (WT) fulllength EIAV molecular clone EIAV UK and its derivative EIAV UK PTAP (designated eWT and ePTAP, respectively, here) were previously described (18, 45) . The p9 L domain mutant eYP Ϫ contained the YPDL-to-SRGA substitution (45) . eRKI and ePTAP-RKI mutants were generated by changing NC residues K10, K15, K20, and K30 to alanines in the eWT and ePTAP proviruses, respectively. Residues K30, R39, K42, K45, K47, and K54 were replaced with alanines to generate eRKII and ePTAP-RKII mutants. The full-length sequence of the SIVcpzGab2 strain has been reported previously (9) . To construct the molecular clone, strain-specific primers were designed for nested-PCR amplification of the 5= and 3= halves from uncultured peripheral blood mononuclear cell genomic DNA. Unique restriction enzyme sites were introduced into the primers used for the second round of PCR amplification to facilitate cloning. Amplification products were digested with the appropriate restriction enzymes, agarose gel purified, and ligated into the pCR-XL vector (Invitrogen). Plasmids were purified from 1.5-ml volumes of bacterial cultures (STBL2) in LB-kanamycin (100 g/ml) grown for 18 h at 30°C. Plasmids containing full-length inserts were selected by restriction enzyme digestion and tested for the production of infectious viral particles by transfecting 293T cells. Supernatants were collected 48 h posttransfection and assayed for the presence of infectious virus particles using the TZM-BL assay. A total of 104 full-length molecular clones were screened, and 6 clones with the highest infectious titers were further tested for replication competence in activated human CD4 ϩ lymphocytes. Among them, clone 62, used in this study, was selected for exhibiting growth characteristic comparable to those of control HIV-1 strains (GenBank accession no. AF382828). The p6 L domain sPTAP Ϫ and sYP Ϫ mutants contained the PTAP-to-LIAP and YPSL-to-SLSL substitutions, which were introduced using the QuikChange XL site-directed mutagenesis kit (Stratagene) according to the manufacturer's protocol. The SIVcpzGAB2 sRKI and sRKII NC mutants carry alanine substitutions of residues R2, R6, R10, R11, K13, K19, and R25 and residues R25, K28, R31, R32, K33, K37, K40, K46, and R53, respectively. In SIVsmmE543-3 (36) , N-terminal basic residues K2, R5, R6, K9, K15, and R21 and C-terminal residues R24, R27, R28, K36, K43, and R47 were mutated to alanines to generate the smRKI and smRKII NC mutants, respectively, in the context of the previously described SIVsm YL mutant (7) . Glutathione S-transferase (GST) fusion constructs encoding EIAV NC-p9, NC RKI -p9, and NC RKII -p9 were obtained by subcloning DNA fragments corresponding to EIAV UK Gag amino acid residues 359 to 486 into the BamHI-EcoRI sites of pGEX-5-X2 (GE Healthcare). The hemagglutinin (HA)-tagged Nedd4.2s and Bro1 expression vectors were previously described (26) .
Virus release assay. 293T cells (3 ϫ 10 6 ) were transfected with either 500 ng (EIAV) or 1 g (SIV) of proviral DNA. At 24 h posttransfection, culture supernatants were filtered and virions were pelleted at 151,000 ϫ g for 1 h on a 20% (wt/vol in phosphate-buffered saline [ Roche] ). Viral and cellular proteins were analyzed by SDS-PAGE and immunoblotting. Virus release efficiency was calculated as the ratio of virion-associated Gag to total cellular Gag as determined by densitometry analysis of Western blot films using ImageJ software (W. S. Rasband, NIH, Bethesda, MD; http://rsb.info.nih.gov/ij). The antibodies used were monoclonal anti-HA (HA-7; Sigma), anti-tubulin (DM1A; Sigma), and anti-Tsg101 (BD Biosciences). Cellular Alix was detected by using rabbit anti-Alix serum. EIAV was detected using horse anti-EIAV serum (55) , and SIV was detected using anti-SIV antiserum.
RNAi knockdown. Knockdown of cellular Alix and Tsg101 by RNA interference (RNAi) was performed as previously described (7, 66) . Briefly, 293T cells (2.25 ϫ 10 6 ) were seeded into T25 flasks and transfected with 0.2 nmol of Tsg101 or Alix RNAi oligonucleotides (Invitrogen) using Lipofectamine 2000. After 24 h, cells were cotransfected with the same amount of RNAi oligonucleotides and 500 ng of EIAV UK -PTAP proviral DNA. Cells and virus were harvested and processed as outlined above.
GST pulldown assays. The DNA of pGEX-NC-p9, RKI-p9, RKII-p9, and GST-empty-vector constructs was transformed into Escherichia coli BL21(DE3)/pLysS (Stratagene). GST pull-down assays were performed as previously described (67) . Briefly, cultures in the exponential phase of growth were induced with isopropyl-␤-D-thiogalactopyranoside. Bacterial pellets were resuspended in bacterial lysis buffer (BLB) containing lysozyme. Samples were sonicated and clarified by centrifugation. Super-natants containing GST fusion proteins were incubated with glutathioneSepharose 4B beads (GE Healthcare). The beads were washed in BLB and incubated with mammalian cell lysates containing the proteins of interest. The complexes were washed in mammalian lysis buffer and eluted with reduced Glutathione (Sigma). Eluates and cell lysates (input fractions) were analyzed by SDS-PAGE and Western blot analysis with the appropriate antibodies.
Electron microscopy (EM). 293T cells were transfected with either 500 ng (eWT, eRKI, and eRKII) or 1 g (ePTAP, ePTAP-RKI, and ePTAP-RKII) of proviral DNA. Thirty hours posttransfection, 293T cells were fixed for 2 h at room temperature in 2% (vol/vol) glutaraldehyde in 0.1 M cacodylate buffer (pH 7.4). The cells were then rinsed in cacodylate buffer and postfixed in 1% (vol/vol) osmium tetroxide in the same buffer. The samples were subsequently rinsed again in 0.1 N sodium acetate buffer (pH 4.2), stained with 0.5% uranyl acetate (vol/ vol) in the same buffer, dehydrated in graded ethanol, and then infiltrated with pure epoxy resin overnight. The wells were embedded in fresh resin the next day and cured at 55°C. Blocks were cut from the cured samples and mounted appropriately for ultramicrotomy. Thin sections were stained with uranyl acetate and lead citrate and stabilized by carbon evaporation. Images were obtained with a Hitachi H7600 electron microscope equipped with an AMT XL41M digital camera. Each EM experiment was performed at least twice independently, and multiple grids were scanned to determine the predominant phenotype before images were selected for figures.
RESULTS

NC is required for PTAP-mediated budding of SIVcpzGAB2 and SIVsmmE543.
We recently showed that NC is involved in the PTAP-mediated viral release of HIV-1 (27) . To address whether this is a property specific to HIV-1 NC or a general functional requirement of other lentiviruses, we investigated the role of NC in the release of other lentiviruses with NC domains that are homologous (i.e., conservation of zinc fingers and basic residues) but bear evolutionarily diverse protein sequences (Fig. 1A ). SIVcpzGAB2 and SIVsmmE543, whose NC domains share 81 and 76% sequence homology with HIV-1 NC, respectively, were also selected because they contain a p6 domain with the consensus PTAP L domain located adjacent to NC domains in contexts similar to that found in HIV-1 (9, 36) . Indeed, SIVcpzGAB2 relies mainly on the PTAP L domain for efficient viral release from 293T cells, as disruption of the PTAP motif (sPTAP Ϫ ) caused a near elimination of SIVcpzGAB2 release (Fig. 1C, lane 2) , in contrast to the LYPX n L motif mutant (sYP Ϫ ), which had only 20% viral release reduction (lane 3). Similarly, about 70% of SIVsmmE543 release is mediated by the p6-bound PTAP motif (7) (Fig. 2B , YL mutant). We concluded that SIVcpzGAB2 and SIVsmmE543 exhibite functional release determinants similar to those of HIV-1 and constitute good models to examine the role of NC domains in PTAP-mediated virus release. To conduct this analysis, we mutated basic residues in the N-and the C-terminal regions of the SIVcpzGAB2 (named sRKI and sRKII; Fig. 1B ) and SIVsmmE543 (named smRKI and smRKII; Fig. 2A ) NC domains and examined their effects on virus release. Both the sRKI and sRKII NC mutants exhibited a severe reduction in virus release that is comparable to that observed with the sPTAP Ϫ mutant (Fig. 1D) . Similarly, the smRKI and smRKII mutations of SIVsmmE543 lacking the Alixbinding YL L domain (YL mutant [7] )-and therefore relying exclusively on the PTAP motif for L domain function-eliminated virus release (Fig. 2B, lanes 4 and 5) . These results indicated that the NC domains of SIVcpzGAB2 and SIVsmmE543 play an important role in PTAP-mediated virus release, a property they share with HIV-1 (27) , suggesting that NC involvement in virus release is not limited to HIV-1.
To ascertain that mutations in NC impeded release and not viral assembly, we ectopically expressed Nedd4.2s under conditions analogous to those used for HIV-1 RKI and RKII mutants (27) . Importantly and similarly to HIV-1 NC mutants, expression of Nedd4.2s rescued the release defects of the SIVcpzGAB2 sPTAPYP Ϫ / mutant (data not shown); the SIVsmmE543 L1L2/YL mutant, lacking all known L domains (the two PTAP motifs and the type 3 Alix-binding motif YL/LXXLF [7] ); and the sRKI/sRKII NC and smRKI/smRKII NC mutants (Fig. 1E and 2B , respectively). Virus rescue in three separate experiments was quantified as shown in the graphs below the Western blot analyses. Together, these results indicate that NC plays a critical role in the release of SIVcpzGAB2 and SIVsmmE543 and suggest the key involvement of a functional NC in the release of retroviruses utilizing the PTAP motif near NC domains that are homologous but not identical to those of HIV-1 NC.
NC is required for virus release when PTAP is transplanted into a heterologous Gag protein. We next asked whether NC is required for virus release when the PTAP motif is transplanted into a heterologous Gag protein and near an NC domain that shares little sequence homology with HIV-1 NC. To answer this question, we made use of an EIAV chimera harboring a PTAP motif (named ePTAP here). In the latter construct, the EIAV YPDL motif was replaced with the HIV-1 PTAP motif to mediate PTAP-dependent viral release and test for its sensitivity to NC mutations in this context (Fig. 3A) . Additionally, in the ePTAP chimera virus, the PTAP motif is located next to the EIAV NC domain, which shares only 32% sequence identity with HIV-1 NC. As previously reported (45) , YPDL motif mutation (eYP) in WT EIAV induced a complete inhibition of viral production (Fig.  3B, lane 1) . Conversely, YPDL replacement with the HIV-1-derived L domain PTAP (ePTAP) rescued viral release (Fig. 3B, lane  2) . As expected and in contrast to the RNAi knockdown of cellular Alix, depletion of endogenous Tsg101 caused a dramatic inhibition of ePTAP release (Fig. 3C, lanes 2 and 3) , demonstrating true dependence on the PTAP/Tsg101 pathway for virus release. Mutations in the N (ePTAP-RKI) or C (ePTAP-RKII) terminus of the ePTAP NC region (Fig. 3A) dramatically reduced viral release (Fig. 3D, lanes 2 and 3) . Quantitative analysis of virus release efficiency indicated that mutations in NC reduced ePTAP virus release by 80% (bottom of panel D).
To ascertain that NC mutations affected a postassembly step, we analyzed the ability of ePTAP-RKI or ePTAP-RKII to coassemble with eYP Ϫ , which is release defective but provides a functional NC domain in trans. Coexpression of 20 to 40% of an eYP Ϫ Gag protein that contains a WT NC domain but lacks a functional L domain rescued the release of NC mutants ( Fig.  4A and B) , indicating that ePTAP NC mutants are assembly competent. In support of these findings, EM examination showed that spherical particles formed by ePTAP-RKI or ePTAP-RKII (Fig. 4C , parts c to f) remained tethered to the cell membrane, confirming a clear budding defect (Fig. 4C, parts d  to f) . Altogether, these data indicate that an intact NC is necessary for budding events of an EIAV chimera relying on a PTAP L domain for release and demonstrate that the requirement for WT NC is maintained when the PTAP L domain functions with an NC domain with little sequence homology with HIV-1 NC.
NC is involved in virus budding mediated by Alix-binding L domain. We previously presented evidence supporting a role for HIV-1 NC in the Alix-binding LYPX n L L domain budding pathway. We found that overexpression of the Alix Bro1 domain rescued virus release defects of an HIV-1 mutant lacking all L domains (26, 67) . Similar results were obtained with the SIVcpzGAB2 mutant lacking all L domains (data not shown). In addition, Alix-mediated release of both human and simian viruses required an intact NC (26; data not shown), a region in Gag also involved in interactions with the Alix Bro1 domain (26, 62) . In order to directly address the role of NC in the YPDL-driven pathway, we examined its function in EIAV budding. We tested whether the isolated Bro1 domain is sufficient to induce virus release and found that overexpression of Bro1 rescued release defects of an EIAV mutant lacking its YPDL motif (Fig. 5A , 1 and 4) or in the presence of increasing amounts of Nedd4.2s (lanes 2, 3, 5, and 6). The n-fold increase in viral release upon cotransfection with Nedd4.2s for each mutant was calculated after determining the individual relative virus release efficiencies as in panels C and D and setting viral release in the absence of Nedd4.2s arbitrarily to 1 (Ϯ the standard deviations; n ϭ 3). lanes 2 and 3). The results indicated that EIAV release can be stimulated independently of its sole L domain, the YPDL motif located in the p9 region of Gag.
We, and others, previously obtained evidence suggesting a role for the NC in Alix-LYPX n L-mediated HIV-1 release, as Alix ceased to ectopically stimulate HIV-1 release in a virus rescue assay when mutations disrupted NC basic residues or its zinc fingers (26, 62) . To address a role for NC in (L)YPDLtype-driven pathways directly and in a natural setting, we opted to examine this role in the release of EIAV, a virus that relies solely on an Alix-binding YPDL motif and utilizes endogenous Alix for virus budding. Mutations of basic residues to alanines were introduced into EIAV NC (eYP Ϫ RKI and RKII mutants), and their effect on Bro1-mediated virus rescue was assessed. In contrast to eYP Ϫ , which carries a WT NC, the eYP Ϫ RKI and RKII mutants were either partially rescued (Fig. 5A, lanes 5,  RKI) or not rescued (lane 7, RKII) by the ectopic expression of Bro1. RKII mutation in NC (replacement of 6 basic residues with alanines) eliminated Bro1-induced virus rescue, whereas RKI mutation (4 basic residues substituted) displayed only a modest decrease. Virus rescue was examined in several independent experiments and quantified as shown in the right half of Fig. 5A . These data suggest that Bro1-mediated virus rescue involves NC basic residues directly and strongly suggest a requirement for a functional WT NC domain in EIAV budding.
Viral release rescue events due to overexpression of Bro1 had been attributed to its ability to bind NC (26, 67) . To determine if NC is the actual domain required for Bro1 recruitment and rescue 1 and 2) or in the presence of increasing amounts of Nedd4.2s (lanes 3, 4, 6, and 7). Pelleted virion and cell lysate fractions were analyzed by Western blotting using the indicated antibodies. Quantification of the stimulatory effect of Nedd4.2s on viral release is shown at the bottom. The n-fold increase in viral release upon cotransfection with Nedd4.2s for each mutant was calculated as described in the legend to Fig. 1 .
of EIAV release, we examined the interaction between Bro1 and the EIAV NC. We employed GST pulldown assays to examine the interaction between the WT or RKI or RKII mutant EIAV NC and Alix Bro1 (Fig. 5B) . GST-tagged EIAV NC-p9 fusion protein was able to pull down HA-tagged Bro1 protein (Fig. 5B, lane 2) . However, mutations introduced into the N or C terminus of NC eliminated binding to Bro1 (lanes 3 and 4) . Specific interactions of GST-tagged and HA-tagged proteins were detected, since no discernible bands were observed in the control lane (Fig. 5B, lane 1) . These data indicate that mutations in the EIAV NC prevented binding to Bro1 and therefore suggested that Alix interaction with NC might be a prerequisite for efficient EIAV release. To examine this hypothesis, we introduced mutations into the EIAV NC in the context of the whole virus carrying functional YPDL and examined their effect on virus release. EIAV NC mutants displayed a drastic reduction in virus release (Fig. 5C, lanes 2 and 3) . The viral release efficiency of EIAV NC mutants was reduced by up to 6-fold compared to that of WT EIAV, as shown by the quantitative analysis of viral release (Fig. 5C, right side) .
EIAV NC mutants display typical budding defects. To verify that NC mutations affected viral release and not assembly, we performed complementation assays similar to those described in Fig. 3 . Coexpression of 40 to 80% of a Gag protein that contains a WT NC domain but lacks a functional L domain efficiently rescued the release of NC mutants (Fig. 6A ) compared to the controls (Fig. 6A, lanes 3 and 7) . We concluded that EIAV NC mutants (RKI and RKII) coassembled with eYP Ϫ , indicating they are assembly competent and therefore their inability to release virus is due to a postassembly defect. To further analyze such a phenotype(s), we examined 293T cells expressing WT EIAV or the eRKI and eRKII mutants by EM (Fig. 6B) . We frequently observed fully assembled particles at the plasma membrane in all cases. However, arrested budding virus particles that remained tethered to the plasma membrane (Fig. 6B, parts c, d , and f) or to each other (part e) accumulated at the surface of cells expressing either the eRKI or the eRKII NC mutant. These results indicate that mutation in NC caused typical budding defects and that NC is also involved in EIAV budding through the Alix/YPDL-mediated pathway. 
DISCUSSION
We recently obtained data supporting a key role for the NC domain of HIV-1 Gag in virus budding mediated through the Tsg101-binding PTAP and Alix-binding LYPX n L L domains (27) . In the present study, examination of the role of NC in the release of retroviruses whose budding is controlled by the PTAP, the (L)YPX n L, or both L domains and utilizing evolutionarily diverse NC regions (Fig. 1A) (Fig. 6 ), indicating that Alix interaction with a functional NC is a general prerequisite for viruses utilizing Alix-binding motifs for budding. The studies with Alix-mediated HIV-1 release were performed using overexpression and virus rescue assays posing questions regarding the importance of NC-Bro1 interactions in a natural setting. The requirement of a functional NC in EIAV budding suggested a critical role for NC-Bro1 interactions in the function of cellular Alix and provided the first hint to the clear relevance of Alix dual interactions with NC and p6 domains in vivo. Additionally, retaining the need for both interactions in the cell for EIAV release-despite the strong YPDL binding to the EIAV p9 domain (the highest-affinity binding among Alix-bindings motifs [77, 78] )-demonstrated that NC is not an Alix secondary redundant binding site in Gag and is rather a key functional determinant of (L)YPX n L-type L domains.
The EIAV and HIV-1 NC domains share little sequence identity and display local fold differences. EIAV NC has the shortest linker among structurally determined retroviral NC proteins and fewer basic residues than HIV-1 NC (3) and SIVsmmE543 (Fig.  1A) . Despite these differences, both NC proteins capture the Bro1 domain of Alix, suggesting that a feature common to HIV-1 and EIAV NC proteins (i.e., the conformational features of the CCHC motifs) is recognized for interactions with Bro1. It is interesting that in the cases of both HIV-1 and EIAV, Bro1-NC binding is sensitive to mutations of basic residues (which, by virtue of binding to RNA, are key determinants of NC folding), thus further suggesting a conserved mode of recognition that involves NC structure. How NC participates temporally and spatially in Alixmediated virus release is not clear. However, a model involving a requirement of contacts between NC and the Bro1 domain of Alix during virus release is supported by the restoration of EIAV YPDL (lacking the YPDL motif) release following ectopic expression of the Bro1 domain and the latter's inability to rescue release when its binding to NC is compromised or eliminated (Fig. 5) (26, 67) , thus drawing a direct correlation between the efficiency of Bro1-NC interactions and Alix activity in virus release. Interestingly, Alix access to NC via intermolecular interaction(s) with coassembling Gag proteins-rather than intramolecular binding within the same Gag protein-appears to be sufficient for function. Indeed, virus release was recovered when a budding-defective Gag protein carrying a mutated NC domain was coexpressed with a coassembling molecule bearing the WT NC (Fig. 6) . Strikingly, this finding is similar to that previously obtained with L domain sequences (48) .
Owing to its position in Alix, structural flexibility vis-à-vis other domains of Alix (30, 61) , its boomerang fold, and the ability to link Gag to ESCRT-III members (30, 72) , as well as other yetto-be identified cellular proteins (67) , the Bro1 domain of Alix might be binding NC to coordinate with p6 dynamic membrane modeling events necessary for virus budding. The onset of these events appears to take place during assembly, when Alix is recruited by EIAV Gag in the cytoplasm (40) to act later in the budding neck, possibly after subsequent recruitment(s) and local changes (i.e., CHMP polymerization and PR processing) that could position Alix and partners (67) at the budding neck for membrane fission. The role of NC in PTAP-mediated virus release. HIV-1 NC mutant viruses accumulated budding particles at the 293T cell surface (27) , a context in which HIV-1 relies primarily on the PTAP motif to release virus, implying a role for NC in PTAPmediated HIV-1 release. HIV-1 shares NC involvement in budding with SIVcpzGAB2 and SIVsmmE543, suggesting that the location of NC in Gag and its proximity to PTAP, as well as conserved structural features (zinc fingers and basic residues), are more important for function than is protein sequence identity, which varies among the NC domains studied (Fig. 1A) .
Whereas the functional cross talk between the PTAP L domain and NC is supported by several lines of evidence, the mechanisms involved remain unclear. Conclusions have been confounded mainly by the overlapping roles the NC domain of Gag plays in both assembly and budding. Data in the present study, however, indicate that mutation of the NC domains of several retroviruses led to interference with virus separation from the cell despite the accumulation of assembled spherical virus particles at the cell membrane, further supporting interference with budding rather than assembly. Moreover, recognition of a specific sequence in NC is not required for function in virus release since NC domains belonging to evolutionarily divergent retroviruses sharing little sequence identity with HIV-1 NC (as much as 69% for SIVcpzGAB2 and as little as 32% for EIAV) are equally required for virus budding, suggesting the utilization of a conserved mechanism and/or cellular factor. Notably, basic residues are involved in RNA binding and NC structure "shaping" (2, 19, 20, 23) . The role of these interactions in NC function during budding is being carefully evaluated.
Indeed, a PTAP L domain functional link with NC was found in human and simian lentiviruses and was maintained when the PTAP motif was transplanted into heterologous equine Gag protein (EIAV) and mutation of basic residues inhibited PTAP L domain activity in all contexts, further supporting the recognition of a structural entity rather than a specific sequence. It is noteworthy that in all cases the functional dependence of PTAP on NC varied with its localization in Gag, since optimal PTAP function requires positioning near NC (50, 69, 76) , suggesting that both domains are likely involved in simultaneous protein-protein interactions to facilitate virus budding.
Consistent with such a model, NC mutants of viruses relying on the PTAP L domain in various contexts (reference 27 and this study) displayed clear virus budding defects, as they accumulated spherical budding particles that remained tethered to the cell membrane with remarkably elongated membranous stalks (Fig. 4) reminiscent of those seen following PTAP motif disruption (32) and demonstrated halted membrane fission. These observations indicate that NC and PTAP cooperate in the recruitment of cellular factors-belonging to the ESCRT pathway-necessary for virus release, a notion supported by findings that NC mutants' budding defects were alleviated by providing parallel access to the cell ESCRT via ectopic expression of Nedd4.2s. Accordingly, NC-p1 domains impose ESCRT requirement for PTAP-mediated HIV-1 release from 293T cells (63) , thus arguing in favor of a role for NC (and possibly neighboring sequences) in PTAP-mediated ESCRT recruitment and/or function.
An NC feature shared by diverse retroviruses functions in assembly and budding. In summary, we obtained evidence supporting the recognition of a feature common to diverse retroviral NC domains that is necessary for NC function with both the PTAP and (L)YPX n L L domains. This property shared among retroviral Gag proteins involves basic residues in NC that also mediate RNA incorporation, Gag-Gag multimerization, and distinct NC folding (2, 17, 19, 20, 23) . The latter structure is shared among all of the retroviruses studied and might be involved in the recruitment of new cellular factors important for budding and/or known NC interacting partners such as ABCE1 (25, 80) , Staufen1 (16), or Lyric (29) , which notably are part of the ribonucleoprotein complex formed during Gag assembly. We propose a model in which a feature(s) of NC-in cooperation with sequences in p6 -participates in dynamic and well-orchestrated recruitments and movements of proteins that begin during assembly and continue through budding, when host proteins are believed to ring the inside of the viral neck to promote membrane fission. Elucidating the nature of NC involvement and identifying cellular partners participating in such steps should further our understanding of its role in HIV-1 budding.
